Molecular dynamics simulations on octahydro-1, 3, 5, 3, 5, at 303−383 K and atmospheric pressure are carried out under NPT ensemble and COMPASS force field, the equilibrium structures at elevated temperatures were obtained and showed that the stacking style of molecules don't change. The coefficient of thermal expansion (CTE) values were calculated by linear fitting method. The results show that the CTE values are close to the experimental results and show anisotropy. The total energies of HMX cells with separately increasing expansion rates (100%−105%) along each crystallographic axis was calculated by periodic density functional theory method, the results of the energy change rates are anisotropic, and the correlation equations of energy change-CTE values are established. Thus the hypostasis of the anisotropy of HMX crystal's thermal expansion, the determinate molecular packing style, is elucidated.
I. INTRODUCTION
Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, commonly known as HMX or octogen, is a kind of powerful and relatively insensitive nitroamine explosive [1] . HMX has high density, high energy, as well as good thermal stability, so that it's widely applied in ammunitions or warheads. HMX crystal is polymorphous but only β-HMX is stable at room temperature and is actually used [2, 3] . HMX is hard to be independently molded, thus HMX crystals are often mixed with additives such as binders, plasticizers, and solidified agents to form HMX-based PBX (polymer bonded explosive) [1] . For weapon utility, HMX-based PBX needs to be resistant to thermal impact; however, the anisotropic thermal expansion of explosive crystals will bring notable internal stress, and micro cracks will appear inside the explosive part when the effect of internal stress is bigger than that of cohesive energy [4] , and these internal micro voids could induce hot spot and increase the sensitivity of the energetic materials [5] ; moreover, the anisotropic thermal expansion of the crystals will induce thermal deformation of PBX, make dimension or density of the explosive part irreversibly change, thus influence the measurement precision [6] . On all accounts, a deep research on the anisotropy of * Author to whom correspondence should be addressed. E-mail: syjfree@sina.com thermal expansion of HMX is of great importance.
The properties of crystalline HMX has been studied experimentally in many ways. The molecular structures of α, β and γ-HMX were gotten from IR spectrum, while the crystal densities and dielectric constants were obtained by other measurements [7] . CTE values of the β and δ-HMX were measured by thermo-mechanical analysis (TMA), and the phase transition kinetics was measured by differential scanning calorimetry (DSC) [10] . The phase transition and thermal expansion of HMX crystal were studied by X-ray diffraction (XRD) technique [8, 9] , then more precise CTE values were obtained by refinements of the cell parameters data from XRD [11, 12, 13] . Phase transition process of HMX crystal was also observed by high-temperature atomic force microscope (AFM) [14] . In spite of this, in order to investigate the hypostasis of HMX crystal properties, the experimental measurements are not enough and further theoretical studies are needed.
With the progress of physics, chemistry, and information technology, more and more researchers used molecular simulation and computational methods to theoretically study the properties of HMX crystal. Isothermalisobaric molecular dynamics simulations (NPT-MD) of α, β, and γ-HMX were performed under a modified RDX intermolecular potential, and the space group symmetries and structural parameters for the three phases were predicted [15] . Thermal expansion and sublimation enthalpies for all three pure polymorphs of HMX have been investigated and compared to experimental results by molecular dynamics (MD) sim-ulation using a flexible molecule force field [16] . Condensed phase density functional theory (DFT) was used to study various uniaxial compressions of β-HMX and extract energy versus extension information [17] . NPT-MD have been applied to study the structural, vibrational and thermodynamic properties of β-HMX, the initial decomposition and pressure-induced phase transition were discussed [18] . First-principle planewave method with an ultrasoft pseudo potential and generalized gradient approximation was used to calculate the lattice parameters, thermodynamics and electronic properties of β-HMX [19] . Self-consistent charge density-functional tight-binding method (DFTB) and MD simulation were used to study the initial chemical processes of condensed-phase HMX under shock wave loading [20] . ab initio MD simulations combined with multi-scale shock technique have been performed to investigate the initial chemical processes of HMX under shock wave loading, a new mechanism for initiation decomposition was suggested [21] . Compressive shear reactive dyanmics (CS-RD) model with ReaxFF-lg force field has been used to predict the anisotropy of shock sensitivity and chemical process initiation in β-HMX [22] . MD simulations of nanoparticles of HMX crystal polymorphs were used to study the interaction potential energy and heat of sublimation [23] .
In this work, MD simulations combined with firstprinciple calculations are used to study the anisotropy of HMX crystal's thermal expansion, the methods and results are helpful in elucidating the anisotropic thermal expansion of HMX crystal at atmospheric pressure.
II. SIMULATION AND CALCULATION METHOD

A. Structure modeling
Modeling process was carried out in Materials Studio software package [24] . The molecular structure is shown in Fig.1(a) , it can be seen that HMX has a simple molecular structure that consists of an eight-membered ring formed by alternating carbon and nitrogen atoms, with a nitro group attached to each nitrogen atom which brings in high energy.
HMX crystal structure in Fig.1(b) is based on the neutron diffraction data of β-HMX crystal [25] , β-HMX crystal belongs to monoclinic system and P2 1 /c space group, with the cell parameters as: a=6.540Å, b=11.050Å, c=8.700Å, β=124.3
• , and α=γ=90
• . To approach reality and obtain more precise results, a super cell based on the HMX primitive cell needs to be constructed as initial configuration of MD simulation. In this work, a 4×2×3 super cell containing 1344 atoms is constructed as shown in Fig.1(c) .
B. MD simulation
Proper selection of the force field is the key to precise MD simulation results. PCFF (polymer consistent force field) [26−28] is one of the most appropriate force fields for MM (molecular mechanics) and MD simulations. COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) [29] is an ab initio force field especially applicable to condensedphase compound. HMX is a kind of nitro-amino compound. PCFF and COMPASS are both thought to be applicable to HMX molecular crystal.
Primitively the comparison of these two force fields is done by comparison of the simulation results for cell parameters at certain condition. The simulation details are as follows: MD simulations for HMX crystal are carried out under NPT (with constant particle number, pressure and temperature) ensemble; and velocity verlet arithmetic [30] is used; the initial velocity is sampled by Maxwell distribution; van der Waals force is calculated by atom-based method and coulomb interaction is calculated by Ewald method [31, 32] ; the target temperature and pressure are set to 303 K and 0.1 MPa, the temperature is controlled by Anderson method [33] and the pressure is controlled by Parrinello method [34] ; the MD simulation lasts 200 ps in total, a time step 1 fs is used; and equilibrium of the system is determined both by energy and temperature. The equilibrium trajectory documents are selected and the cell parameter values are gained from them. The simulation results of cell parameters for HMX crystal using different systems and force fields are shown in Table I .
Firstly, in the MD simulation on primitive cell, the system is not so easy to equilibrate, and the result of cell parameters is not so precise. On the other hand, the MD simulation on HMX super cell can be well equili- brated and the result is much closer to the experimental value [12] . Hence 4×2×3 super cell is used in the coming MD simulations. Secondly, for HMX super cell, compared with experimental values, relative deviations of cell parameters are much larger when choosing PCFF, while relative deviations of the unit cell edge lengths are less than or equal to 5% and that of inter-axial angles are less than 0.5% when choosing COMPASS, which proves that COM-PASS force field is of better applicability.
For the force field validation, it is also standard to use an energetic component, so that calculation of sublimation energy is carried out to verify the system as well as the force field, and the simplified equations are as follows
where E crystal and E molecule is the total energy of the crystal and that of a molecule respectively. The number of molecules contained in each cell n is 2 for β-HMX crystal.
The result from the simulation using COMPASS force field shows that E lattice =−193.794 kJ/mol and ∆H=188.839 kJ/mol. Because the experimental value of the sublimation energy is 184.766 kJ/mol [35] , so that the sublimation energy calculated from the simulation result matches with the experimental value (∆<10 kJ/mol). Hence the COMPASS force field is most fit for the MD simulation.
MD simulations are carried out on 4×2×3 super cell for HMX crystal under NPT ensemble using COMPASS force field, periodic boundary condition is used in all simulations. To simulate thermal expansion process under atmospheric condition, the target pressure is set to 0.1 MPa and the temperatures are elevated from 303 K to 378 K by 20 K each step; Anderson method is used to control the temperature and Parrinello method is used to control the pressure. Initial velocity is sampled by Maxwell distribution, and the time step is 1 fs in each case; each MD simulation lasts 100 ps to ensure the system properly equilibrated both in energy and temperature, another 100 ps time of simulation is followed to get abundant data for subsequent statistical analysis. The equilibrium trajectory documents are selected to do analysis about the thermal expansion properties.
C. DFT calculation
As a kind of molecular crystal, the stronger the interactions inside HMX crystal are, the larger the binding forces will be, and the CTE values are thought to be smaller, so that it's efficient to elucidate the anisotropy of HMX crystal's thermal expansion by energy calculations. The classic calculation methods are hard to describe all kinds of complex interactions inside the crystal, and quantum chemistry is introduced to solve the problem. Binding energy is the difference between total energies of the crystal and that of the free particles, thus calculation of the total energy of the crystal is the key to examine the energy change. In this work, periodic DFT calculations on HMX crystal are carried out to get the energy change along each crystallographic axis, the details are as follows.
The primitive cell for HMX crystal is used as input structure. CASTEP [36] program, based on the DFT method using plane-wave basis set and ultra-soft pseudo-potentials (USP) [37] , is used to do energy calculations on the crystal structures. The local density approximation function (LDA), which was first established by Ceperley and Alder [38] and later parameterized by Perdew and Zunder [39] (CA-PZ), is used to describe the exchange correlation terms. Geometry optimizations using LDA/CA-PZ are carried out on HMX cells with three unit cell edge length expanding from 100% to 105% respectively, and the total energy for each cell is calculated one by one. Then the correlation between total energy of crystal cell and the axial length can be revealed.
III. RESULTS AND DISCUSSION
A. Equilibrium structure after MD simulation From the equilibrium structure graphs (Fig.2) of HMX super cell after MD simulation at 303 K along three different directions we can see that both the tropism of the molecules and the way how molecules stack in the crystal stay the same, which also prove the validity of COMPASS and the MD simulation method.
B. Results of the MD simulations
The equilibrium trajectory documents from MD simulations on HMX super cell at elevated temperature from 303 K to 383 K are analyzed, and the cell parameters obtained are listed in Fig.3 and Table II .
It can be seen that the inter-axial angles (α, β, γ) don't change much and the relative deviations are all below 0.5%, which prove the validity of the simulation results. The unit cell edge lengths (a, b, c) are linearly related to temperature (T ) as shown in Fig.3 , the linear CTE values are calculated to characterize the anisotropic thermal expansion, and the equation for linear CTE is as follows,
the results of simulated linear CTE values and the comparison between our results and experimental values from Ref. [11−13] are shown in Table III . It can be seen that HMX crystal expands along three axial directions as the temperature increases, and the CTE values are notably different along each crystallographic axial direction (δ b >δ a >δ c ), showing the anisotropy of the thermal expansion.
Due to the differences between the referenced CTE results from different measurement techniques, we think that the calculation results can act as a criterion of the diverse results, so that we mainly discuss about the similarities. Compared with experimental values using TMA technique [10] (about 3.7×10 [11] , which was obtained by refinements of the cell parameters from XRD data at elevated temperature (heating from 203 K to 323 K), but for a-axis and c-axis, our results seem a little larger than Xue's [12] , which were also gained through XRD experimentally. Besides, for the latest experimental values from Deschamps (Naval Research Laboratory) [13] , δ c is closer to our result. 
C. Results of the energy calculations
Calculations of the total energies of the cells with axial length respectively expanding from 100% to 105% are done using LDA/CA-PZ method, thus the anisotropy of thermal expansion of HMX crystal can be investigated in the point view of energy, and the results are shown in Fig.4 . It can be seen that the total energy increase with the expansion of each crystallographic axial length, and the energy is found to be linearly related to the axial length. Because of the approximation algorithm used in the energy calculation, the absolute values of the total energy make no sense, while the difference between the initial energy and the energy after expansion (shown in Table IV ) is more physically meaningful.
The energy change rates along each axial direction of HMX crystal are dE a /dL a =674.3890, dE b /dL b =595.9972, dE c /dL c = 733.4319, respectively. When each crystallographic axis use the same expansion rate, the energy changes are different; the energy change rate during expansion is anisotropic (dE b /dL b <dE a /dL a <dE c /dL c ), which is related to the anisotropy of CTE (δ b >δ a >δ c ). As a matter of fact, the bigger energy change rate during expansion is, the smaller the CTE value will be.
D. Discussions about energy change and anisotropic thermal-expansion
It can be concluded that in HMX crystal's thermal expansion process, the energy change is linearly related to the expanding axial length (E∝L), and the length change is linearly related to the temperature (L∝T ), accordingly it can be inferred that energy change along each crystallographic axis is linearly related to the temperature (E∝T ).
The linear relationship between total energy of HMX crystal and axial length (in Fig.4) and that between axial length and temperature (in Fig.3 ) can be summed together as follows: 
and the linear relationship between total energy and temperature can be easily extrapolated as
It can be seen that the energy change rates along each axial direction of HMX crystal during heating process are dE a /dT =0.0300, dE b /dT =0.0948, and dE c /dT =0.0246, respectively. Obviously the energies increase with temperature slightly, which can explain the slight decrease of CTE values at increasing temperature; what's more important, it can be validated that the anisotropy of thermal expansion is related to the difference of energy change needed along each axis during heating (dE b /dT >dE a /dT >dE c /dT ).
And the correlation of energy change and CTE can be obtained by substituting the temperature and energy value back to Eqs.(4)−(6), for example the equations at 303 K are
As a matter of fact, energy calculation is the tool to characterize intermolecular interactions in the crystal.
HMX molecules stack in a determinate way in HMX molecular crystal, causing different situations of intermolecular interactions along different axial directions; as a result, the energy change needed in thermal expansion is also different along different axial directions.
IV. CONCLUSION
MD simulations on HMX super cell under NPT ensemble using COMPASS force field with periodic boundary condition are successfully carried out to get the CTE values of HMX crystal at 303−383 K and atmospheric pressure, and DFT calculations on HMX crystal are done to gain the energy changes during expansion of each crystallographic axial length from 100% to 105% respectively. The simulation and calculation results show that: (i) The thermal expansion is anisotropic (δ b >δ a >δ c ) and CTE values are close to the experimental results in literature. (ii) HMX molecules stack in a determinate way in the crystal, both the tropism of the molecules and the way how molecules stack in the crystal don't change during thermal expansion process. (iii) When each axis use the same expansion rate, the energy change rate along each axial direction is anisotropic (dE b /dL b <dE a /dL a <dE c /dL c ).
(iv) Accordingly it can be concluded that the energy change along each crystallographic axis is linearly related to the temperature, and the anisotropy of thermal expansion of HMX crystal is related to the difference of energy change needed in thermal expansion along each axis (dE b /dT >dE a /dT >dE c /dT ). (v) Thus the hypostasis of the anisotropy of HMX crystal's thermal expansion can be elucidated as: because of the determinate stack style of molecules in HMX molecular crystal, the intermolecular interactions are anisotropic along three axial directions, inducing energy change needed in thermal expansion to be anisotropic.
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